Aims/hypothesis. Adipose tissue expresses some bioactive molecules, which may be involved in the development of obesity-associated metabolic disorders and cardiovascular diseases. Vascular endothelial growth factor (VEGF) an important angiogenic factor is implicated in normal and pathological vessel formation. The aim of this study is to investigate clinically the association between blood serum VEGF concentrations and body fat accumulation as well as distribution. The study also aims to show the effect of serum VEGF protein on gene expression of transcriptional factor E26 transformation-specific-1 (Ets-1) and matrix metalloproteinase (MMP)-3. Methods. Serum VEGF concentrations were measured in 38 overweight or obese subjects. Fat distribution in the abdominal subcutaneous as well as visceral fat areas was assessed by computed tomography scans at umbilical level. Furthermore, the changes of serum VEGF concentrations following body weight reduction therapy were analyzed in eight subjects recruited from the original pool of subjects. Semi-purified circulating VEGF proteins were obtained by heparin-sepharose and its biological activities were shown to alter gene expressions in human aortic endothelial cells. Results. Serum VEGF concentrations were positively correlated with BMI (r=0.433, p=0.007) and visceral fat area (r=0.488, p=0.002). Stepwise regression analysis showed the visceral fat area as the most important determinant factor for VEGF circulating levels. Following body weight reduction therapy, VEGF concentrations as well as visceral fat area were decreased. The serum semi-purified VEGF protein enhanced expressions of Ets-1 and MMP-3 in human aortic endothelial cells. Conclusion/interpretation. Increased serum VEGF concentrations associated with visceral fat accumulation could influence vascular endothelial function. [Diabetologia (2003[Diabetologia ( ) 46:1483[Diabetologia ( -1488 Keywords Adipose tissue, vascular endothelial growth factor, body fat distribution, diet therapy, computed tomography. Corresponding author: Dr. K. Takahashi, Department of Clinical Cell Biology, Graduate School of Medicine, Chiba University, 1-8-1 Inohana, Chuo-ku, Chiba 260-0856, Japan E-mail: kazuot@intmed02.m.chiba-u.ac.jp Abbreviations: PAI-1, plasminogen activator inhibitor-1; IL-6, interleukin-6; VEGF, vascular endothelial growth factor; HAEC, human aortic endothelial cells; FBS, fetal bovine serum; MMP-3, matrix metalloproteinase-3; ETS-1, E26 transformation-specific-1; HOMA, homeostasis model assessment for insulin resistance.
Adipose tissue expresses and releases various secretary molecules, such as leptin [1, 2] , TNF-α [3] , plasminogen activator inhibitor-1 (PAI-1) [4] , and interleukin-6 (IL-6) [5] . These molecules may have a potential role in the development of metabolic disorders and cardiovascular diseases resulting from obesity. Blood serum concentration of these molecules has been shown to be directly related to the degree of obesity in human subjects, suggesting that these molecules could be released by adipocytes. Furthermore, weight loss is associated with decreased expression of these molecules in adipose tissues [6, 7, 8, 9, 10] . The latter decrease in gene expression is paralleled by a fall in leptin as well as TNF-α blood serum levels [11, 12, 13] .
Since the 1980's, many researchers have reported that abdominal fat accumulation, evaluated by anthropometric measurements, is a risk factor for the development of obesity-associated metabolic disorders as well as vascular diseases [14, 15] . Development of elaborate techniques such as computed tomography and ultrasound sonograhy that can produce an accurate measure of abdominal fat distribution revealed that intra-abdominal fat is more closely related to these disorders than an increase in absolute fat volume [16, 17] . The accumulation of intra-abdominal fat could particularly form a basis of multiple risk factor syndromes through insulin resistance [18] . Studies have revealed that regional differences in production of cytokines between subcutaneous and visceral fat tissues might contribute to the pathological significance of visceral fat accumulation that accompanies insulin resistance [10, 18] . Previously, we reported that the implantation of adipocytes into the subcutaneous or visceral fat area of athymic mice results in an increased concentration of serum TNF-α and insulin resistance by the adipose cells in the visceral area, but not in the subcutaneous area [19] .
Vascular endothelial growth factor (VEGF) is an important angiogenic factor reported to induce migration and proliferation of endothelial cells, enhance vascular permeability, and modulate thrombogenicity [20] . VEGF is therefore implicated in normal blood vessel development as well as in vascular pathologies. The pathogenic neovascularization plays a major role in the development of atherosclerosis, tumour growth, rheumatoid arthritis and various retinopathies. VEGF mRNA expression has been identified in a variety of cell types including endothelial, epithelial and mesenchymal. VEGF mRNA was also found in 3T3-F442A cells, established pre-adipocyte cell lines where it induces adipocyte differentiation [21] . A recent study showed that, relative to controls asymptomatic for arteriosclerosis, circulating VEGF levels were increased in the patients with coronary artery [22] .
In this study, we investigated the effect of visceral as well as subcutaneous fat accumulation on serum VEGF concentrations in human subjects. In addition, we examined the biological activity of circulating VEGF to enhance the gene expressions of matrix metalloproteinase-3 (MMP-3) and transcriptional factor E26 transformation-specific-1 (ETS-1). The endothelial expressions of both molecules have been reported to be induced by VEGF [23] .
Materials and methods
Experimental subjects. We studied 38 overweight or obese subjects (10 male and 28 female). All subjects gave informed consent to participate in this study. All anthropometric measurements were taken with the participant wearing light clothes and no shoes. BMI was calculated as weight in kilograms divided by the square of the height in metres metres. Exclusion criteria consisted of diabetes mellitus and sleep apnea syndrome as both disorders are known to raise circulating VEGF concentrations. All participants were defined as non diabetic according to the recent criteria of the WHO for fasting (<7.0 mmol/l) and post-glucose load level (<11.1 mmol/l). Furthermore, all subjects were diagnosed as asymptomatic for sleep apnea syndrome using polysomnography. From the original pool of 38 subjects, 8 participants were recruited for weight-loss treatment. The latter subjects were hospitalized and treated with a multidisciplinary approach consisting of diet, exercise, behavioural and nutritional counselling. The mean daily caloric intake was 1200 kcal, ranging from 1000 to 1500 kcal. Following 2 weeks treatment, all patients witnessed a loss of body weight ranging from 4 to 6 kg.
Measurement of serum immunoreactive VEGF.
A fasting venous blood sample was collected. Following centrifugation at 4°C the serum fraction was collected. VEGF levels in the serum were measured with the ELISA system (R&D Systems, Minneapolis, Minn., USA).
Estimation of body fat distribution. According to previously described methodology, computed tomography scans at umbilical level were carried out to calculate abdominal subcutaneous and visceral fat [24] .
Homeostais model assessment for insulin resistance (HOMA)
index. HOMA index was calculated with the formula: fasting plasma glucose (mmol/l) × fasting insulin (µU/ml)/22.5, as described previously [25] . HOMA index has been reported to be a metabolic marker for hyperinsulinaemia or insulin resistance [26, 27] .
Partial purification of VEGF from serum. All the procedures were carried out at 4°C. The serum of an obese subject (12 ml) was applied into HiTrap Heparin HP column (1 ml of bed volume) (Amersham-Pharmacia Biotech, Uppsala, Sweden) and equilibrated with natural saline. After the column was washed with 10 ml of natural saline, elution was carried out done with 3 ml of 1 mol NaCl solution. The elution fraction was dialysis against natural saline and stored at −80°C until use. The concentration of VEGF was estimated using the ELISA system described above.
Cell culture and stimulation with semi-purified VEGF from the serum. Human aoertic endothelial cells (HAEC) were obtained from (BioWhittaker, Walkersville, Md., USA). The cells were cultured with MCDB131 medium (QIAGEN K.K., Tokyo, Japan) supplemented with 10% foetal bovine serum (FBS). When the cells reached subconfluence, were incubated with MCDB131 medium alone for 36 h prior to the examination. Cells were then incubated with MCDB131 medium containing 2% FBS in the presence or absence of 40% of serum semi-purified VEGF. Thereafter, cells were harvested and collected into 1.5 ml centrifugation tubes.
RNA extraction and RT-PCR.
Total RNA was isolated with RNeasy Mini Kit (QIAGEN K.K., Tokyo, Japan) according to the manufacturer's instructions. In order to evaluate MMP-3 and ETS-1 expression levels, 0.4 ug of total RNA was amplified by OneStep RT-PCR kit (QIAGEN K.K., Tokyo, Japan) using the following primers: MMP-3, 5′ TTCTCCAGGATCT-CTGAAGGAGAGG 3′ and 5′ ATTTGGTGGGTACCACGA-GGACATC 3′ (391 bp), ETS-1, 5′ GGGTAGCGACTTCTC-TTCTTGTTTG 3′ and 5′ GTTAATGGAGTCAACCCAGC 3′ (274 bp), α-actin, 5′ TGGAATCCTGTGGCATCCATGAAAC 3′ and 5′ TAAAACGCAGCTCAGTAACAGTCCG 3′.
The RT-PCR products were run on 2.0% agarose gels and stained with ethidium bromide. The relative signal intensities of the PCR products were determined using a by luminescent image analyzer LAS-1000 (Fuji Photo Film, Tokyo, Japan). MMP-3 and ETS-1 mRNA levels were normalized against α-actin mRNA levels.
Statistical analysis. Statistical analyses were carried out using Statview J-4.5. Univariate relationships between anthropometric and serological variables and serum VEGF concentrations were assessed using Pearson's correlation analysis. To evaluate the independence of correlates of anthropometric and serological variables, stepwise regression analysis with forward selection procedures was used. A p value of less than 0.05 was regarded as being statistically significant.
Results
Characteristics of subjects. The study included 38 obese subjects (10 males and 28 females); their ages varied from 22 to 66 years and their BMI values ranged 26.8 to 47.6 kg/m2. The distribution of abdominal fat was assessed by computed tomography at umbilical levels. Visceral fat area varied from 41.0 to 236.2 cm2 and subcutaneous fat area ranged 209.2 to 797.7 cm2 (Table 1) .
Correlation between serum VEGF concentration and visceral fat accumulation. Serum VEGF concentrations were significantly correlated with BMI (r=0.433, p=0.007) (Fig. 1) . We used the Pearson correlation between visceral as well as subcutaneous fat areas and serum VEGF concentrations( Fig. 2A,B) . Serum VEGF concentrations were positively related to visceral fat area (r=0.488, p=0.002) but not to subcutaneous fat area (r=0.306, p=0.061) (Fig. 2A,B) . These results indicate that the subjects with high intra-abdominal fat accumulation tend to have higher serum VEGF concentrations.
We then investigated the correlation between serum VEGF concentrations and various other serological parameters associated with obesity (Table 2 ). Serum VEGF concentration had a positive correlation with fasting insulin as well as with HOMA index. The latter was calculated using the formula [fasting plasma glucose (mmol/l) × fasting insulin (µU/ml)/22.5].
Stepwise regression analysis was also carried out using serum VEGF concentrations as the dependent variables and BMI, visceral and subcutaneous fat area, fasting insulin, and HOMA index as the independent variables. Stepwise regression analysis showed that visceral fat area was the most important determinant factor for serum VEGF in these variables (Table 3) .
Changes of serum VEGF after body weight reduction.
Serum VEGF concentrations were measured at baseline and following weight-loss treatment. The effect of body weight reduction therapy on serum VEGF concentrations as well as subcutaneous and visceral fat areas was measured. The characteristics of the subjects treated with weight-loss therapy are shown in Table 4 . In eight patients, with varying ages (24 to 61 years; BMI values ranging 30.6 to 56.8 kg/m2), visceral fat area varied from 102.3 to 226.9 cm 2 and subcutaneous fat area ranged from 224.6 to 793.6 cm 2 . Following weight-loss treatment, all subjects lost 4 to 6 kg of body weight relative to baseline (Fig. 3A) . Visceral fat areas in all subjects had apparently decreased following body weight reduction while subcutaneous fat areas were not affected had not (Fig. 3B,C) . Relative to baseline, post-therapy serum VEGF concentrations were decreased (Fig. 3D) .
Biological activities of serum VEGF.
To determine the biological activity of the circulating VEGF protein, partial purification of VEGF from the serum was done by using heparin sepharose beads. VEGF concentration after purification was estimated as 1032 pg/ml using ELISA kits. The purification efficiency was calculated as being 18.2 fold higher by using heparin sepharose (data not shown). We then investigated the effect of serum VEGF proteins on MMP-3 and ETS-1 The F value to enter was set at 4.0 at each step. VEGF, vascular endothelial growth factor. HOMA, homeostasis model assessment for insulin resistance Data are means ± SD (Fig. 4A,B) . The final concentration of VEGF proteins in the cell culture medium was measured as 413 pg/ml (data not shown).
Discussion
It has been reported that various cytokines such as TNF-α, IL-6 and PAI-1 are secreted from the adipose tissues [1, 2, 3, 4, 5] . These cytokines are thought to play a key role in the development of obesity-associated pathologies such as atherosclerosis. The progressions of insulin resistance mediated by the circulating TNF-α and IL-6, and the coagulation disturbance with the increased level of PAI-1 are known to induce atherosclerosis [4, 10, 18] . An increase in the circulating level of these cytokines has also been shown to be related to the accumulation of intra-abdominal fat [11, 12, 13] .
VEGF is involved in normal and pathological vessel formation [28, 29] . VEGF mRNA expression as well as protein secretion are reported to be induced by adipocyte differentiation in 3T3-F442A cells, a murine pre-adipocyte cell line [21] . Moreover, secreted VEGF proteins induce an enhancement of sprouting as well as tube formation of vascular endothelial cells. Prior to this study, we clarified that human primary cultured adipocytes derived from secrete VEGF protein into the cell culture medium (145 pg protein in 1 ml of the conditioned medium cultured with 1×105 cells of primary adipocytes). We have also shown the effect of VEGF protein on the enhancement of tube formation and the alteration of gene expressions in human endothelial cells.
The present study investigated in vivo the concentration of serum VEGF in obese subjects as well as verified the clear correlation between the circulating VEGF concentration and the severity of obesity. Circulating VEGF concentrations are shown to be correlated to visceral fat accumulation. Stepwise regression analysis showed that the visceral fat area is an independent but important factor for the determination of the serum VEGF concentration.
We also analyzed the effects of body weight reduction on the level of VEGF in serum. We randomly recruited eight subjects from the original pool of participants and divided these into two groups were matched for all clinical characteristics. The increased VEGF concentrations in the obese patients were reduced as the visceral fat area decreased after weight-loss treatment . These analyses showed that the VEGF secretion from adipose tissues, particularly from intra-abdominal adipose tissues, may regulate serum concentration of VEGF.
The present study also investigated the effect of partially purified serum VEGF on gene expression of MMP-3 and ETS-1 in endothelial cells. MMP-3 and ETS-1 gene expression has been reported to be induced by VEGF in endothelial cells [23] . The serum semi-purified VEGF showed the inducible activity for the gene expressions of MMP-3 and ETS-1 at the similar level of recombinant VEGF. Growth factor induction of MMP-3 is thought to be involved in the pathogenesis of atherosclerosis as well as tumour invasion and metastasis [30, 31] . Matrix degradation enhances the ability of migration as well as tube formation in endothelial cells and could induce pathological neovascularization that is observed in atherosclerosis. These results suggest that the increased serum VEGF concentrations associated with intra-abdominal fat accumulation could influence vascular endothelial function.
Further investigations are required in order to elucidate the molecular mechanism of increased serum VEGF concentrations accompanied with intra-abdominal fat accumulation as well as its pathological significance in the acceleration of vascular disorders associated with obesity. 
